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E-mail address: felix.goni@ehu.es (F.M. Goñi).The distribution of phosphatidylcholine (PC) and sphingomyelin (SM) between the solubilized
(micellar) and non-solubilized (lamellar) fractions arising from bilayers composed of PC and SM,
with or without cholesterol (Chol) has been measured under conditions of partial, incomplete sol-
ubilization by Triton X-100. Quantitation is achieved by 31P-NMR determination of the composition
of mixed micelles in the range of bilayer-micelle coexistence. We ﬁnd that the solubilized fraction of
bilayers consisting of binary mixtures of PC and SM is rich in SM, as expected from previous data on
solubilization of pure PC and pure SM liposomes. In contrast, after partial solubilization of ternary
mixtures of PC, SM and Chol, the solubilized fraction becomes SM-poor, as observed in the partial
solubilization of biomembranes.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Solubilization of membranes by detergents plays a central role
in the biochemical and biophysical studies of biological mem-
branes. In the last decade, many studies addressed the ﬁndings
that some of the membrane components are apparently ‘‘resistant
to detergents” [1–3]. Speciﬁcally, addition of a relatively high
concentration of a detergent (the most commonly used being
Triton X-100) to biological membranes yields detergent-rich mixed
micelles, containing detergent, lipids (e.g. phosphatidylcholine, PC)
and ‘‘solubilizable” proteins, in coexistence with ‘‘detergent–resis-
tant membranes” (DRM) relatively rich in cholesterol (Chol) and
sphingomyelin (SM). This has been interpreted in terms of the
latter structures being relatively rigid lateral domains that existed
in the intact membrane and preserved their integrity, in the form
of proteoliposomes, upon removal of the detergent-solubilizable
components. We have proposed instead that DRM formation is
often a side-effect of detergent action [4]. In this context, we
have found of interest to investigate the observed differential
solubilization of phospholipids, with the hope of gaining under-
standing of the basic forces that govern the assembly of membrane
components in the DRM and, more importantly, in the native
membrane.chemical Societies. Published by EOf special interest to us is the ﬁnding that DRMs are relatively
rich in SM, over PC. In fact, the SM/PC ratio in the Triton-resistant
fraction, as measured in partial solubilization experiments of vari-
ous biological membranes, varies between 2 and 7, as compared to
a ratio of 0.2–0.5 observed in the solubilized fraction [5,6]. These
results are apparently inconsistent with the ﬁnding that solubiliza-
tion of PC vesicles [7,8] requires fourfold higher Triton X-100 con-
centrations than the solubilization of SM [9,10].
In relation to the latter apparent inconsistency, we ﬁrst note
that almost all of the published solubilization studies have ad-
dressed the solubilization of vesicles made of a single phospholipid
[11–13]. The state of aggregation in such mixtures has been de-
scribed in terms of simple phase diagrams that can be character-
ized by two critical detergent/phospholipid ratios, namely the
saturating ratio of detergent to lipid in intact bilayers (Rsate ) and
the ratio above which all the bilayers are solubilized into mixed
micelles (Rsole ) [14] (see Supplementary data for the equations from
which these parameters are derived). Solubilization of bilayers
made of more than one phospholipid is more complex and in fact
it has been less studied. Thus, little is known on the solubilization
of PC-SMmixed bilayers, by Triton X-100 or by any other detergent
(for details, see Supplementary data).
Based on the available data regarding solubilization of different
individual phospholipids and on the physical properties of bilayers
made of lipid mixtures [9,15,16], we suggest that the resistance of
SM towards solubilization is due to its interaction with cholesterol.
The arguments in favour of a preferred association of sterols to SMlsevier B.V. All rights reserved.
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hypothesis implies that: (i) upon exposure of SM:PC (initially at a
1:1 mol ratio) vesicles to Triton X-100 concentrations that are
insufﬁcient for complete solubilization, the unsolubilized fraction
(DRM) will contain less SM than PC, whereas (ii) upon exposure
of vesicles made of PC:SM:Chol, the unsolubilized fraction will con-
tain higher concentrations of SM than of PC. Our strategy of
addressing the state of aggregation in mixtures of PC, SM and
Triton X-100 is based primarily on the basic assumption, predicted
by the phase rule, that unlike in the systems containing only one
phospholipid, in the range of bilayer-micelle coexistence the
mixtures may contain vesicles and mixed micelles that differ with
respect to their PC/SM ratio.
For a mixture of known concentrations of all the components of
the system in the coexistence range, the latter prediction can be
tested by assaying the PC/SM ratio either in the DRM or in the
mixed micelles. This can be done after separating the partially sol-
ubilized systems into mixed micelles and DRM. However, fraction-
ation may alter the system. To avoid the artefacts caused by
fractionation, we have adopted the approach proposed by London
and Feigenson [18]. Using 31P-NMR, it is possible to study the com-
position of the micellar lipids without a disturbance form non-sol-
ubilized lipids. This method is based on the fact that when lipids
occur in large aggregates, e.g. multilamellar liposomes (MLV), the
NMR line shape associated with the phosphoryl group is inhomo-
geneously broadened, because the magnetic dipolar interactions
are not fully averaged spatially [19,20]. Nonetheless the much
smaller lipid–detergent mixed micelles (Stokes radius 30–40 Å)
tumble at a rate sufﬁciently fast to equalize magnetically all the
molecules, thus cancelling the heterogeneity, and yielding narrow
NMR signals [9,21,22]. Under appropriate conditions, signals aris-
ing from SM and PC in mixed micelles can be resolved. In these
cases, solubilization of PC and SM from a PC:SM bilayer can be sep-
arately observed and quantiﬁed without physically separating the
bilayer from the micellar phases. This circumvents the use of tech-
niques such as ﬁltration or centrifugation, which might have intro-
duced artifactual distortions in our measurements. We conclude
that the ‘‘detergent insolubility” of SM as found in biomembranes
is indeed due to its interactions with cholesterol.Table 1
The effect of cholesterol on the solubilization of SM/PC (1:1 mol ratio) bilayers by
Triton X-100. See text for the meaning of the different parameters. Additional details
can be found in the Supplementary data and in Ref. [14].
Rsate R
sol
e D
sat
w (mM) D
sol
w (mM)
No Chol 0.368 1.36 0.052 0.19
+20 mol% Chol 0.477 3.87 0.064 0.822. Materials and methods
Egg sphingomyelin and cholesterol were supplied by Avanti
Polar Lipids (Alabaster, AL, USA). The main fatty acids in egg sphin-
gomyelin were 87% C16:0, 6% C18:0, 7% others. Egg phosphatidyl-
choline was from Lipid Products (South Nutﬁeld, UK). Egg PC fatty
acid composition was 32% C16:0, 12% C18:0, 36% C18:1, 13% C18:2,
6% C20:4. Triton X-100 (batch 125H0569) was purchased from
Sigma (St. Louis, MO, USA). Deuterium oxide was from Apollo
Scientiﬁc. All lipids were used without further puriﬁcation. All
other reagents were of analytical grade.
The lipids were dissolved in chloroform:methanol (2:1, v/v) and
mixed as required, and the solvent was evaporated exhaustively.
Multilamellar vesicles (MLV) were prepared by hydrating the dry
lipids in buffer, with vortex shaking. Lipids were hydrated in excess
10 mM HEPES, 150 mM NaCl, pH 7.4. The ﬁnal lipid concentration
was measured in terms of lipid phosphorus.
2.1. Solubilization assays
MLV suspensions were mixed with the same volumes of the
appropriate Triton solutions in the same buffer. Final lipid concen-
tration, measured as lipid phosphorus, was 1 mM. Both vesicles
and detergent had been previously equilibrated at room tempera-
ture (25 C). The mixtures were left to equilibrate for 3 h at roomtemperature, after which the systems had reached a steady state.
Solubilization was assessed from the changes in turbidity [23,24],
measured as absorbance at 500 nm in a UVIKON spectrophotome-
ter (Kontron Instruments, Milan, Italy), with continuous sample
stirring. Turbidity values were normalized by setting 100% as the
turbidity of the MLV suspension, 1 mM in lipid, in the absence of
Triton, while 0% turbidity corresponded to pure buffer. For details,
see the Supplementary data.
2.2. NMR measurements
Samples were prepared by adding different concentrations of
Triton X-100 in the presence of H2O/D2O. The ﬁnal phospholipid
concentration was 20 mM. The resultant aqueous multilamellar
dispersions were transferred to 5-mm glass NMR tubes. All the
samples were allowed to equilibrate to room temperature for
3 h before experimentation. NMR spectra were recorded in a Bru-
ker (Rheinstetten, Germany) AV500 spectrometer operating at
500 MHz for protons, 202.4 MHz for 31P and full proton decoupling.
The instrument was equipped with an inverse broad band probe of
5 mm and gradients in z-axis. Scans (24 000) were averaged for
each measurement. The data were registered and processed with
software TOPSPIN 1.3 (Bruker). All NMR measurements were made
at 25 C.3. Results
3.1. Solubilization parameters: effects of cholesterol
Solubilization of lipid bilayers by Triton X-100 was assayed as a
decrease in turbidity of liposomal suspensions. Liposome composi-
tion was either PC:SM (1:1 mol ratio), or PC:SM:Chol (1:1:X mol
ratio), where X varied from 0.04 to 1.3, i.e. 2–40 mol% Chol.
Representative solubilization experiments are shown in Fig. S1A
and B (Supplementary data), for lipid mixtures in the absence or
presence of 20 mol% Chol, respectively. In the absence of Chol,
solubilization was completed at a total detergent/lipid mol ratio
(Rsolt ) of 2, a value closer to what is usually found for bilayers con-
sisting of pure unsaturated PC (ca. 2) [8,25], than for those formed
of pure SM (ca. 0.5) [9,10], at room temperature. In the presence of
Chol, Rsolt was much higher (>4). Previous measurements had
shown that Chol increased the amount of detergent required to
solubilize SM-based bilayers [10] but not unsaturated PC-based
bilayers [25].
When the experiments shown in Fig. S1 were repeated for dif-
ferent total lipid concentrations, and the detergent concentrations
causing the onset and completion of solubilization, namely Dsatt and
Dsolt were plotted versus lipid concentration, a phase diagram was
obtained (Fig. S2). For each lipid composition the phase diagram
included two regions, corresponding to all the lipids in bilayer form
(‘bilayers’), or to all the lipids in the form of lipid–detergent mixed
micelles (‘micelles’). Those two regions were separated by a ‘‘coex-
istence” region in which both bilayers and mixed micelles were
found. From the slopes of the phase boundaries in Fig. S2, the effec-
tive (Re), rather than total (Rt), R
sat
e and R
sol
e detergent/lipid ratios
can be estimated [14].
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that cholesterol increases remarkably the area of the coexistence
region, due to clearly elevated Rsole values, with much smaller ef-
fects on the onset of solubilization, i.e. very similar Rsate values
are found. The increased area of the coexistence region could be
expected from the phase rule upon addition of another component.
The concentrations of free detergent in water at the onset and
completion of solubilization, respectively Dsatw and D
sol
w , can be ob-
tained from the intersection of the phase boundaries with the Y-
axis [14]. For the systems in Fig. S2, Dsatw and D
sol
w were computed
and the corresponding values are given in Table 1. The data in this
table show that cholesterol increased signiﬁcantly the concentra-
tion of Triton X-100 in the aqueous medium under solubilizing
conditions, Dsolw , but not at the detergent saturation point.
3.2. Solubilization assessed by 31P-NMR: PC:SM bilayers
The Re values obtained from Fig. S2 were used as a guide in the
following experiments, in which solubilization was assessed by
31P-NMR. Fig. 1 shows representative 31P-NMR spectra of PC:SM
MLV, and of PC:SM: Triton X-100 mixtures at various Triton con-
centrations, i.e. different Re values. Note that NMR experiments
were performed at 20 mM lipid and at these concentrations well
above the critical micellar concentration of Triton X-100, i.e. about
three orders of magnitude, Re  Rt [14]. At Re = 0, i.e. no detergent
(1, bottom) the spectrum reﬂects the typical broad lineshape of
phospholipid bilayers in the form of MLV, with a shoulder at the
low-ﬁeld side [26]. At Re = 0.5, i.e. in the lower part of the coexis-
tence region in Fig. S2, a small broad signal at about 10 to
20 ppm, corresponding to the non-solubilized bilayer, coexists
with the narrow signals of solubilized PC and SM (Fig. 1). It is clearFig. 1. 31P-NMR spectra of PC/SM (1/1 mol ratio) mixtures in the presence of
different concentrations of Triton X-100. The mixtures contained 20 mM lipid,
detergent/lipid molar ratio is indicated for each spectrum.that, under these conditions, more SM than PC is solubilized. At
higher Re values, e.g. 1.0 (Fig. 1) the bilayer signal is very small,
and the proportion of solubilized PC is almost as large as that of
SM. As expected, the SM and PC signals exhibit virtually similar
intensities at Re = 1.3, i.e. when full solubilization is achieved
according to the data in Fig. S2. It can thus be concluded that, when
PC:SM bilayers are partially solubilized by Triton X-100, SM is sol-
ubilized with preference over PC.
3.3. Solubilization assessed by 31P-NMR: effect of cholesterol
When MLV consisting of PC:SM:Chol (1:1:0.5 mol ratio, or
20 mol% Chol) were treated with Triton X-100 under the same con-
ditions as above, a very different picture emerged (Fig. 2). Along
the whole co-existence region (0.477 < Re < 3.87), PC was solubi-
lized preferentially over SM. When a series of mixtures containing
increasing concentrations of Chol, and a ﬁxed detergent/lipid
Re = 1.0, were studied by NMR, the phenomenon was already visi-
ble in the presence of 2 mol% Chol (Fig. 3, bottom) and became
more evident as Chol concentrations increased. At 40 mol% Chol
(Fig. 3, top) the SM signal was hardly detectable. The intensity ra-
tios of the SM/PC peaks in Fig. 3 are plotted as a function of Chol
concentration in Fig. 4. It is obvious from this plot that the SM:Chol
ratio in the mixed micelles is not constant, i.e. the SM:Chol ratio in
the non-solubilized fraction increases non-linearly with Chol con-
centration in the bilayer. From the data in Figs. 2–4 it can be con-
cluded that Chol reverts the preferential solubilization of SM by
Triton X-100, when acting on bilayers containing both SM and PC.Fig. 2. 31P-NMR spectra of PC/SM/Chol (1/1/0.5 mol ratio) mixtures in presence of
different concentrations of Triton X-100. The mixtures contained 20 mM lipid,
detergent/lipid molar ratio is indicated for each spectrum.
Fig. 3. 31P-NMR spectra of PC/SM/Chol mixtures in presence of Triton X-100. The mixtures contained 20 mM lipid and 20 mM detergent. The mixtures contained variable
amounts of cholesterol, as indicated for each spectrum (in mol%).
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Fig. 4. The SM/PC ratio solubilized by Triton X-100 in the presence of various
proportions of cholesterol. Detergent/lipid molar ratio = 1.
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Previous reports have suggested that SM is solubilized by Triton
X-100 more readily than PC [9,10,27], and that SM–Chol mix-
tures are particularly resistant to Triton X-100 solubilization
[10,15,28,29]. However, most of these observations can be criti-
cized [4] on the basis of two considerations, namely that: (i) no
quantiﬁcation of the individual lipid classes in the range of co-exis-
tence was carried out and/or (ii) quantiﬁcation of the lipids solubi-
lized under certain conditions was performed after physical
separation of the mixed micellar and bilayer fractions, e.g. by ﬁltra-
tion or centrifugation.
Heerklotz and co-workers [29,30], using a combination of calo-
rimetric measurements, studied the solubilization of PC:SM:Chol
bilayers by Triton X-100. The results suggested a very unfavourable
interaction between the detergent and SM:Chol, that would cause
a substantial tendency to separate SM-rich DRM-like domains from
Triton-rich ﬂuid domains. The use of 31P-NMR, as in the present
study, allows the quantiﬁcation of solubilized phospholipids with-
out perturbing the lipid–detergent–water system. Using this meth-
od, our studies reveal that, in the intact bilayer-detergent system,
SM is solubilized preferentially over PC in PC:SM bilayers whereas,
in ternary PC:SM:Chol bilayers, the pattern is reverted, namely PC
is solubilized more easily than SM.Lipids of natural origin, containing a variety of fatty acyl chains,
have been used in this study. Although, in principle, the large num-
ber of components limits the interpretation of our data, the fact is
that well-deﬁned phase diagrams are obtained (Supplementary
Fig. S2), in agreement with the homogeneous egg PC/Triton X-
100 micelles described by Dennis [31]. Narrow size distributions
were also described for bovine brain SM/Triton X-100 micelles
[9,32], bovine brain SM containing a wider distribution of fatty acyl
chains than egg SM.
The main determinant of the self-assembly of amphiphiles in
aqueous solutions is the high energy associated with the exposure
of hydrophobic cores to water [33]. Amphiphile packing within a
self-assembly depends on several factors, such as molecular struc-
ture of the amphiphiles, intermolecular interactions (charge,
hydration), amphiphile concentration, or temperature [34]. An
amphiphile with a cylindrical geometry, characterized by similar
cross sections of the polar head group and of the hydrophobic
chains, tends to be packed along ﬂat surfaces, thus forming bilay-
ers. By contrast, conical molecules with relatively large head
groups self-assemble along curved surfaces, thus forming micelles,
whereas amphiphiles with a relatively large overall hydrophobic
fraction (hydrocarbon chains) as compared to the hydrophilic
fraction (polar heads and water) self-assemble into inverted
structures.
From the physical point of view the state of aggregation of
amphiphiles and mixtures of amphiphiles is commonly discussed
in terms of the ‘spontaneous curvature’ [35], deﬁned as the pre-
ferred curvature of an unconstrained piece of membrane made of
the amphiphile(s). In this context, an amphiphile with a preference
for being packed along a ﬂat surface is said to have a zero sponta-
neous curvature. Micelle-forming amphiphiles are given a positive
spontaneous curvature, whereas inverted hexagonal phase formers
have a negative spontaneous curvature. In other words, a phospho-
lipid is given the spontaneous curvature that an aggregate consist-
ing solely of that lipid would adopt.
As an example, an amphiphile with positive spontaneous curva-
ture is shorthand for an amphiphile giving rise to aggregates with a
positive spontaneous curvature.
In a system containing one lipid and one detergent, within the
range of coexistence of detergent-saturated lipid bilayers and
lipid-saturated mixed micelles (‘coexistence region’ in Fig. S2),
the total free energy of these two types of aggregates is similar.
The total energy of the bilayer to micelle transition consists of
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bending energy, that is the energy associated with packing of the
two amphiphiles, because in general the curvature of the mixed
aggregates will differ from the spontaneous curvature of any of
them. The speciﬁc curvature of the mixed aggregates will be a
weighted average of the effective spontaneous curvatures of the li-
pid and the detergent [11,35–37]. In other words, packing amphi-
philes of different spontaneous curvatures results in ‘frustration’ of
both amphiphiles, as described below.
The second contribution to the energy difference betweenmixed
micellar andmixed lamellar structure is the interstice energy, i.e. the
energy associated with the collapse of the void formed in the center
of a sphericalmixedmicelle, when it is formed upon curving of a ﬂat
monolayer [11]. In the latter study it was found that the interstice
energy plays a major role only in the temperature range where
the lipid aggregates are in the gel phase. In the present study, the
lamellar phases are in the ﬂuid state. Hence, we think that themajor
factor that governs the state of aggregation of the lipid–detergent
mixture under our conditions is the bending energy.
Intuitively, solubilization can be described in terms of a ‘balance
of frustrations’. Speciﬁcally, phospholipids form bilayers because
they are ‘curvophobic’, namely their spontaneous curvature is
either zero or very small (usually negative). In our case, both phos-
pholipids, SM and PC spontaneously form nearly ﬂat bilayers, in
which the curvature of the aggregated amphiphile is close to its
spontaneous curvature. By contrast, detergents are ‘curvophilic’,
i.e. due to their conical molecular shape, they have a positive spon-
taneous curvature, so that in aqueous solutions they will form mi-
celles, whose curvature is similar to that of the detergent
spontaneous curvature. In the aggregates formed upon mixing of
detergents and phospholipids, both components will be structur-
ally ‘frustrated’. Thus, the entropically-driven partitioning of deter-
gent into bilayers results in a state of ‘‘frustration” for the
detergent molecules [38] because they are forced to reside in ﬂat
bilayers, which are very different from their preferred state of
aggregation, given by their positive spontaneous curvature. Simi-
larly, when a solubilized phospholipid molecule resides in a
phospholipid–detergent mixed micelle, it is ‘‘frustrated” because
it is forced to reside in a curved monolayer whose positive curva-
ture is very different from the near-zero spontaneous curvature of
the phospholipid.
In this context, Chol has a highly negative spontaneous curva-
ture [39,40], i.e. it opposes residing in positively-curved micelles
much more strongly than either PC or SM. From this perspective,
Chol should reduce the solubilization, as indeed observed in early
papers [41,42]. Although Chol hinders speciﬁcally SM solubiliza-
tion, Rsate values (Fig. S2 and Table 1) are very similar in the pres-
ence and absence of Chol, because PC is readily solubilized (Figs.
2 and 3). Yet, Chol increases Rsole because solubilization of SM is
hindered by Chol. A possible explanation for this phenomenon
would be the existence of some kind of speciﬁc interaction be-
tween SM and Chol.
This subject has been intensely debated, with data that seem to
be in favour [43,44], or against [45] speciﬁc interactions. Lange and
Steck [17], reviewing the subject of Chol homeostasis in mem-
branes, indicate that sterols prefer SM over PC [49], the difference
is attributable to the longer and more saturated fatty-acyl tails of
sphingolipids as well as to hydrogen bonding between the hydroxyl
of the sterol and the polar atoms in the lipid head group. Our own IR
spectroscopic data suggest the presence of H-bonds between SM
and Chol [46]. The present detergent solubilization data are consis-
tent with the latter observation. In other words, it is difﬁcult to sol-
ubilize the SM–Chol complex(es) because their spontaneous
curvature is much more negative than that of either PC or SM.
Consistent with our explanation for the detergent-resistance of
SM–Chol bilayers is the high rigidity of these ﬁlms, as observed byLi et al. [47,48], in their Langmuir balance measurements, Speciﬁ-
cally, those authors observed that equimolar SM–Chol ﬁlms ori-
ented at the air-water interface displayed an unusually low
lateral elasticity, and suggested that this could correlate with
detergent resistance.
In short, we propose that DRM formation is mostly due to the
formation of SM–Chol complexes of a very large negative sponta-
neous curvature. This conclusion is consistent with the different ef-
fects of Chol on the solubilization of lipid bilayers made of PC or of
SM. The experimental approach used in this communication opens
the way to further studies on the solubilization of speciﬁc mem-
brane lipids without the requirement of separating the solubilized
from the non-solubilized fractions.
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